Already at coverages well below 1 ML copper ad-atoms on Cu͑1 1 1͒ significantly modify infrared reflection-absorption spectra of ethene ͑C 2 H 4 ͒ on Cu͑1 1 1͒. Raman modes of the centrosymmetric molecule appear in the spectra. Their lines do not involve significant shifts of vibration frequencies as they would be expected for strong distortions of the molecule. High-resolution electron-energy-loss spectra of adsorbed ethene for various Cu-adatom precoverage show the same vibration lines. Since the molecules are obviously unchanged, the Raman lines in the infrared spectra must have obtained dynamic dipole moment from transient electron transfer favored by atomic disorder on the metal surface.
I. INTRODUCTION
The so-called infrared ͑IR͒ surface-selection rule for molecules close to a smooth surface of an extended metal is based on the high electronic screening of metals in the IR region. Due to the screening currents parallel to the surface within the metal, the electric field component parallel to the surface is very small compared to that above and perpendicular to it. Therefore, the incident radiation will nearly exclusively interact with those electric vibration-dipole moments that are perpendicularly oriented to the surface. 1 If the directions of these dipole moments with respect to the molecular symmetry axis and mirror planes are known, the adsorption configuration can be inferred from infrared reflection absorption spectroscopy ͑IRRAS͒. This model works well for many kinds of adsorbates, which has made IRRAS to an important quantitative analytical tool since the 70s of the last century. However, in certain cases, transient electron transfer from the metal to the molecule gives rise to a dynamical IR-dipole moment perpendicular to the surface for vibrations that should be only Raman-active. [2] [3] [4] Two preconditions for this transient electron transfer were figured out: There must be an unoccupied molecular level close to the Fermi energy of the metal ͑such as the * orbital of C 2 H 4 ͒ and the metal surface needs a certain defect structure like it is formed for example by cold deposition of metal films. [4] [5] [6] [7] [8] [9] In surface enhanced Raman scattering ͑SERS͒, the Raman lines with the peculiar appearance in IR spectra show the highest intensity, see Fig. 1 , at 1280, and 1540 cm −1 . It is assumed that the transient charge transfer adds up to two orders of magnitude to the SERS enhancement of these modes. 5, 8 Unfortunately, SERS and IR sensitivity enhanced in this way is problematic for quantitative analysis. There is considerable uncertainty about the effect because of the rather random occurrence of responsible defects and the lack of knowledge about them.
Calculations and experimental results indicate that the ethene molecule is bound with the molecular plane parallel to the Cu͑1 1 1͒ surface. [11] [12] [13] Most likely the molecule is positioned on top of a copper atom with the molecular axis in the direction connecting the hollow sites of the surface. 13 The molecule is only weakly bound via a bonding and nearly undistorted. Fig. 1 , top spectrum͒, which indicates the influence of the Cu surface structure on that mode. 4, 6 Very weak signals of the C-C stretch mode ͑ 2 ͒ at 1540 cm −1 and of the scissor mode ͑ 3 ͒ at 1280 cm −1 can also be seen in the middle spectrum of Fig. 1 . The 2 and 3 modes are not only not connected to a vibrational dipole moment perpendicular to the surface and are Raman-active vibrations. Since ethene is a centrosymmetric molecule, the IR-Raman-exclusion rule holds, and thus Raman-active vibrations are not expected to show up in IRRAS. In fact, the 7 mode is the only one which should be visible with IRRAS. We could reproduce the literature findings on 7 and, despite the thorough preparation of the Cu͑1 1 1͒ surface, also those on 2 and 3 , as shown in Fig. 1 ͑middle͒. The comparison with the findings at the cold condensed rough copper film ͓Fig. 1 ͑top͔͒ once more 4 gives rise to the idea that the appearance of Raman-active vibrations in IRRAS is related to the remaining defects on the surface that cannot be removed by the usual preparation by cycles of sputtering and annealing. The molecules adsorbed at defect sites show small shifts in their vibration frequencies as it is known from SERS experiments. 10 At defect sites, the vibration frequencies of the C-C stretch mode and the Raman-active scissor mode are slightly lowered in comparison to the values on perfect Cu͑1 1 1͒ facets but are still indicating an intact molecule. 8 The frequency change is due to the different adsorption-site geometry. In this work, we show that controlled deposition of metal adatoms before C 2 H 4 adsorption gives rise to the growth of Raman-active lines in IR spectra. This kind of experiment may serve as a strong proof for the hypothesis of transient charge transfer. Moreover, the obtained clarity on this surface effect opens the door to better quantitative analysis with SERS and with surface enhanced IR absorption.
Since high-resolution electron-energy loss spectroscopy ͑HREELS͒ informs on IR-active modes and, due to the impact-scattering mechanism, also on the other vibration modes, it is used in this study to prove that the C 2 H 4 molecular geometry is not changed by copper adatoms. In a previous HREELS study of ethene on Cu͑1 1 1͒ at 90 K, the CH 2 wagging mode gave the strongest signal, but Raman modes and modes with dynamic dipole parallel to the surface ͑the CH stretch modes in the 3000 cm −1 region͒ were observed also. 16 As we will show below, in addition, low energy modes of vibrations against the substrate for C 2 H 4 and for Cu adatoms could be observed in HREELS.
II. EXPERIMENT
The IRRAS and HREELS experiments were performed with the same Cu͑1 1 1͒ crystal ͑purity 99.999%, orientation better than 0.1°͒ under UHV condition in two similar UHV chambers. For the IRRAS experiments, we used a Bruker IFS66v/S Fourier-transform-infrared-spectrometer with mercury-cadmium-telluride detector. The spectrometer is connected to an UHV chamber with a base pressure below 2 ϫ 10 −10 mbar. The resolution of IRRAS of ethene was 2 cm −1 ; the reported IR spectra are the results of 1000 accumulated scans. All measurements are carried out at an angle of incidence of 85°with p-polarized light. The Cu͑1 1 1͒ surface was carefully prepared by more than 15 cycles of Ar-ion bombardment ͑at 2 keV͒ and subsequent annealing at 750 K. The quality of the sample was monitored with lowenergy electron diffraction ͑LEED͒ and IRRAS of the wellknown system CO / Cu͑1 1 1͒ as sensible test for the occurrence of defect sites. During all IRRAS measurements, the Cu͑1 1 1͒ sample was cooled by liquid nitrogen to a temperature of 90 K ͑Ϯ4 K for the various experiments͒ controlled by a type K thermocouple connected to the copper sample holder.
HREEL spectra were carried out in an UHV chamber which was operated at a base pressure below 5 ϫ 10 −11 mbar. The used Cu͑1 1 1͒ crystal was prepared similarly with cycles of Ar-ion bombardment at 500 eV and annealing at 800 K. The quality of the surface and the absence of contaminations were controlled by LEED and HREELS. A Leybold ELS 22 spectrometer was used at a resolution of about 7 meV ͑43 cm −1 ͒ ͑full width half maximum of the elastically scattered electrons͒ in specular geometry ͑otherwise indicated͒ with a kinetic energy of 5 eV. Both the angle of incidence and the reflection angle were kept at 60°with respect to the surface normal for all measurements. The sample was cooled with liquid nitrogen to 85Ϯ 2 K; the sample temperature was controlled with a type K thermocouple at the copper sample holder.
For the artificial defect structure on the Cu͑1 1 1͒ surface, copper was evaporated on the cooled surface. The mass thickness of the cold-deposited copper was in the submonolayer to monolayer ͑1 ML= 2.08 Å in the ͗1 1 1͘ direction͒ range, controlled by deposition time. We used identical evaporators ͑Omicron EFM 3͒ in both chambers which were operated under similar conditions. The deposition rate was determined with a quartz microbalance and did not exceed 10 −3 nm/ s. The IR as well as the HREEL spectra are obtained after roughening the Cu͑1 1 1͒ crystal at liquid nitrogen temperature and subsequent saturation exposure of ethene. Hence, every spectrum shown in this work represents a single measurement after a new preparation of the crystal. We used ethene of a cleanliness of 99.97% by MesserGriesheim. The partial pressure was measured with an ion gauge and recorded so that by integration over the time we could determine the dose. The exposure values reported here ͑in langmuirs, 1 L = 1.33ϫ 10 −6 mbar s͒ are corrected to the relative gauge factor for ethene of 2.14. 17 The ethene partial pressure did not exceed 1 ϫ 10 −8 mbar. The HREEL and IR spectra shown here are taken under base pressure conditions after exposure of ethene of about 2 L, which means that all surfaces are saturated with ethene.
For comparison, we show thermal desorption spectra ͑TDS͒ from the former work of Otto et al. 18 There the Cu͑1 1 1͒ crystal was prepared in an UHV chamber with a base pressure of 2.7ϫ 10 −10 mbar by cycles of sputtering with Ar ions at 1 -2 keV and subsequent annealing to 570-670 K. This was repeated until no contamination could be found in the Auger spectra anymore and the sample provided a clear LEED pattern. The thermal desorption spectra were obtained with a differentially pumped small-aperture quadrupole mass spectrometer. The heating rate was about 5 K/ s. The TD spectrum shown below was obtained by plotting the mass spectrometer signal versus the thermovoltage from a thermocouple converted to temperature.
III. RESULTS AND DISCUSSION

A. Copper on Cu"1 1 1…
The creation of defect sites by evaporating copper on a cooled copper surface results in a morphology which was the topic of several studies. Within a helium atom scattering study of the growth of copper on Cu͑1 1 1͒ in the temperature range from 100 to 450 K by Wulfhekel et al., 19 threedimensional growth was found in the whole temperature range. The reason for this lies in the high energy barrier for downward diffusion over a step edge. On the other hand, it is known from low-temperature scanning tunneling microscopy ͑STM͒ studies that single copper atoms are mobile on Cu͑1 1 1͒ terraces even at 15 K. 20 Calculations show that at 90 K, islands which contain less than four atoms remain mobile on the Cu͑1 1 1͒ surface. 21 Since STM measurements of Cu/ Cu͑1 1 1͒ in the temperature range around 90 K are still missing in the literature, as far as we know, the exact structure of the roughened surface at that temperature remains unclear. If one assumes the growth of hexagonal islands with the island atoms positioned at fcc or hcp sites of the surface, the island edges will form ͕1 1 0͖ and ͕1 0 0͖ facets together with the substrate. 22, 23 Taking into account the high mobility of single adatoms at around 90 K and the low used evaporation rate, it seems also reasonable to assume that the single atoms rather hit a terrace edge than another single atom. Depending on the mobility of the adatoms at the terrace edge, one should then expect more or less roughening of step edges. With HREELS we were able to detect a broad dipoleactive vibrational feature at about 35-40 meV at the roughened surface at 85 K, which characterizes the roughened surface and vanishes after annealing to room temperature. 24 Vibrational features with similar energies are known from stepped surfaces 25, 26 and are predicted for adatoms and small islands. 21, 27, 28 The development of the surface reflectivity for IR light and low-energy electrons, respectively, with increasing roughness is shown in Fig. 2 . The strong decrease in the intensity of elastically scattered electrons in specular geometry with increasing amount of evaporated copper, as shown in Fig. 2͑a͒ , can be explained by diffuse scattering of the electrons. Their kinetic energy of 5 eV corresponds to a de Broglie wavelength of 5.5 Å, which is in the order of magnitude of the expected structures at the surface generated by the evaporated copper.
The wavelength of the used IR light is large with respect to the dimension of the induced roughness so that diffuse scattering of the light can be neglected. Nevertheless, a decrease in IR reflectivity can be observed during the evaporation of copper to the Cu͑1 1 1͒ surface, as shown in Fig. 2͑b͒ 
where ⌬R p is the change in reflectivity for p-polarized light, M and m are the masses of the adsorbate and the electron, respectively, n a is the surface density of the adsorbate on the surface, n is the density of conduction electrons in the free electron metal, c is the speed of light, and is the angle of incidence. The factor F is about 0.90 in this experiment.
describes the friction ͑and energy dissipation͒ of the free electrons drift current by the adsorbates. 29 It may also be described by a friction cross section
͑with the Fermi velocity v F ͒, from which follows
For Ag adatoms on smooth silver, Persson has derived
͑with the Fermi frequency F ͒. In Ref. 29 , Fig. 4 Persson has presented the quantity ͗sin 2 electron ͘ for s and p x orbitals of adatoms as function of different parameters ͑work function, Fermi energy, orbital position͒. With the respective Cu data, it follows analogously that ͗sin 2 electron ͘Ϸ0.2 and ⌺ Cu-adatoms Ϸ 10.9 Å 2 . By fitting Eq. ͑3͒ to the linear range of the data for small adatom densities, as indicated by the straight line in Fig. 2͑b͒ , we could derive the experimental cross section of about 6.1 Å 2 . This smaller value may corroborate the above discussion that the present surface most probably does not show single adatoms on the Cu͑1 1 1͒ terraces but on step edges. In this sense, the linear slope indicates the range of the increasing density of individual adatoms related to defects at step edges. For silver, theory and experiment nearly agree: From Eq. ͑4͒, it follows that ⌺ Ag-adatom = 14.0 Å 2 compared to ⌺ exp = 13.4 Å 2 for Ag deposited on Ag films at 10 K. 34 At 10 K, it is likely that free adatoms exist on Ag͑1 1 1͒ facettes.
B. Ethene on the roughened Cu"1 1 1… surface
In Fig. 3 , we present a formerly taken TDS measurement of ethene on a Cu͑1 1 1͒ surface. In contrast to the TDS data, which can be found in literature, 16, 35 the adsorption temperature in this case was quite low ͑40 K͒, and thus, the complete first-layer peak could be measured. The spectra were taken after different exposures of ethene. Three main desorption features can be distinguished: A broad peak at 120 K which is assigned to the desorption from defects, a sharp peak at 95-92 K which is assigned to desorption from the ͑1 1 1͒ terraces, and a peak at 70 K which does not saturate at higher exposure and hence is assigned to the formation of ethene ice. It has to be pointed out that most of the vibrational spectroscopy studies published on the C 2 H 4 / Cu͑1 1 1͒ system are done at sample temperatures close to the desorption temperature of the monolayer ͑IRRAS at 91 K by McCash, 14 HREELS at 90 K by Linke et al. 16 ͒. Figure 4͑a͒ shows the development of the two modes assigned to the Raman-active scissor mode 2 and the C-C stretch mode 3 , respectively, 14 with increasing roughness. These two modes are not IR active and only involve displacements parallel to the surface. Hence, they should not show up in the IRRAS measurement, as already discussed in the Introduction. The increase in their IR absorption intensity with increasing copper precoverage indicates the origin of the lines from molecules adsorbed at defect sites. We conclude that even the well-prepared smooth surface provides a certain amount of defect sites that is sufficient to let these defect-induced features show up in the IRRAS measurement. By the way, the occurrence of this effect on the smooth or only slightly roughened surface ͑up to 0.1 ML͒ Cu provides the chance to determine the configuration of the sites at which the effect takes place in more detail by STM. From the development of the respective feature in the IRRAS spectra with increasing Cu coverage, it follows that within the range of the linear slope in Fig. 2͑b͒, i. e., up to 0.2 ML, the Raman lines have developed fast and are only slightly growing with higher Cu precoverage. Therefore, our results corroborate the idea that individual adatoms at step edges are SERS active defects. At a closer look, a frequency change of the two Raman lines is obvious for low Cu precoverage, which may indicate some modification of the geometry of the remaining defects on the crystal surface by cold-deposited Cu.
To check once more what happened with the adsorbate molecules, we performed another vibration spectroscopy study on the same crystal. Figure 5 shows the HREEL spectra for ethene on Cu͑1 1 1͒ with increasing Cu adatom coverage. All spectra are recorded after an ethene exposure of at least 2 L, which corresponds to a saturation coverage. For the smooth Cu͑1 1 1͒ surface ͑0 ML͒ after exposure of ethene, the off-specular spectrum ͑at 10°͒ was also recorded. This spectrum is in good agreement with literature data 16 and proves that on the smooth surface the wagging mode 7 at about 920 cm −1 is mainly excited by dipole-dipole interaction, while the modes at about 1280 and 1540 cm −1 are excited via impact scattering. 36 The HREELS features at 3000 and 3105 cm −1 can be assigned to the modes 1 and 9 . 16 For electrons reflected at a smooth surface, conservation of the momentum parallel to the surface holds. This leads to a strong collimation of dipole-dipole scattered electrons around the specular direction as long as their energy loss is not too large. Impact-scattered electrons, which can transfer momentum parallel to the surface, can be found in directions away from the specular geometry if momentum parallel to the surface and energy are conserved. On the complete rough surface, i.e., on a surface with no translation symmetry, the reciprocal lattice vector can have any value. This means that the electrons can be scattered in the whole half space independent of the energy transfer since only energy conservation is relevant. As a consequence, it is not longer possible to distinguish between dipole-dipole scattered electrons and impact-scattered electrons by looking at the scattering geometry.
A main difference between dipole-dipole scattering and impact scattering is the interaction distance between the reflected electron and the excited system. Since this distance is in the range of the size of an atom for impact scattering and in the range of several nanometers in the case of dipoledipole scattering, 36 due to Heisenberg's uncertainty relation, the final wave vector is much better defined in the case of the long-distance dipole-dipole scattering. The resulting broader angular distribution for impact scattered electrons together with the narrow acceptance angle of the spectrometer leads to up to two orders of magnitude smaller intensity for impact-scattered electrons. This "advantage" for the dipoledipole scattered electrons is lost on the rough surface. Since the roughness affects the intensity of the elastically scattered electrons as well, as shown in Fig. 2͑a͒ , one can assume that the ratio of the intensities of elastically scattered electrons to dipole-dipole scattered electrons stays constant for a certain excitation. Since this ratio is in the order of 10 2 -10 3 on the smooth surface in specular geometry, one cannot expect to find dipole-dipole scattered electrons when the intensity of the elastically scattered electrons has decreased below 10 3 s −1 . Accordingly, we found that with increasing roughness of the surface, the various vibrational modes of ethene 4, 6 appear including vibration features at frequencies below 800 cm −1 . We assign these low-energy lines to frustrated vibrations of the molecule and to features of the copper adatoms. 24 The strongest feature in the specular HREELS spectrum on Cu͑1 1 1͒ is the CH 2 wagging mode 7 at 920 cm −1 . Its low intensity in the out-of-specular spectrum demonstrates the dipolar character of that mode and is in accordance with the flat-laying adsorbate geometry. In the HREEL spectra taken at the roughened surface neither, this mode nor the other ones indicate changes of the ethene adsorption, which provides further proof of the electronic nature of the appearance of Raman lines in IRRAS.
In summary, in a controlled and reproducible manner, we prepared defects on a Cu ͑1 1 1͒ surface that via dynamic charge transfer strongly modified adsorbate vibration spectra of ethene. They provoked IR activity of Raman modes. A further quantitative study of the effect will allow future adjustment of dynamic charge transfer contributions to SERS from the first adsorbate layer. In addition, we have shown that HREELS can be used to examine the adsorption of molecules also on rough surfaces. FIG. 5. HREELS at C 2 H 4 saturation coverage ͑about 2 L͒ at 85 K in specular geometry for various Cu adatom precoverages in monolayers. For the surface without Cu adatoms, an off-specular ͑10°͒ spectrum is additionally given ͑bottom spectrum͒. The spectra are artificially shifted in the direction of the ordinate. The IR frequencies are marked.
